In the field of polymer physics, X-ray diffraction line profile analysis methods have yet to acquire the significance which they possess in the analysis of the fine structure of metals and alloys. The present paper attempts to put these methods on a solid theoretical basis and to introduce new concepts in the analysis of polymeric X-ray diffraction profiles. The theory of paracrystals has been used to calculate the expressions for integral line breadth and variance-range function of 0k0 diffraction profiles. The methodology is illustrated by an application of the integral breadth and variance methods to a polynosic viscose fibre, Tufcel, whose axial structure has been shown to be 'paracrystalline'. Special emphasis is laid'on the elimination of diffuse background scatter, the correction of profiles for angular variation factors, the problem of overlapping reflexions etc. and the superiority of the variance method over the integral breadth method in the analysis of polymeric X-ray diffraction profiles is established.
Introduction
It is now well recognized that the crystallites in fibrous polymers are at best paracrystalline, that is, characterized by lattice distortions of the second kind which destroy long-range order (Hosemann & Bagchi, 1962; Guinier, 1963; Vainshtein, 1966) . Paracrystalline structures are also found in polymer single crystals, liquid crystals, molten metals, graphitic carbons, Mn spinels and Fe-A1 alloys. On the other hand, the crystallites in cold-worked metals and alloys generally possess lattice distortions of the first kind which preserve longrange order. The X-ray diffraction lines from fibrous polymers as well as cold-worked metals are broadened on account of small crystallite size and the presence of lattice distortions. There is thus a superficial similarity between the diffraction patterns given by polymers and metallic structures (Viswanathan, 1967; Statton, 1968; Hall, 1969) . However, a careful study of the line profiles shows that there are also profound differences between the kinds of broadening due to type I and type II distortions. These differences are also theoretically predicted. There is extensive theoretical work on the profiles of X-ray diffraction lines from small crystallites with type I distortions. This work has been used to estimate the dimensions of crystallites and their distortion parameters. The treatments are based on the Fourier analysis of line profiles (Warren & Averbach, 1952) or on the more satisfactory variance analysis (Wilson, 1962a (Wilson, , b,c, 1963a (Wilson, , b,c, 1968 Langford, 1965 Langford, , 1968a . In the case of small crystalline domains with type I I distortion, the theory is less developed. I t has * This research was performed by A. K. Kulshre3htha as part of his research assignment leading to a Ph.D. degree of the Gujarat University.
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been shown that for ideal paracrystals, integral line breadths increase as the square of the order of reflexion (Bonart, Hosemann & McCullough, 1963) . This result can be used to separate out size and distortion effects (Kulshreshtha, Patil, Dweltz & Radhakrishnan, 1968) . However, most of the available experimental work for polymers has made no attempt to allow for distortion broadening in calculating the sizes of crystalline domains (Thielke & Billmeyer, 1964; Mori & Doi, 1964; Viswanathan & Venkatakrishnan, 1966) . In s~me studies (Katayama, 1961; Kuribayashi, Tanaka & Nagai, 1963; Buchanan & Miller, 1966) , where such a separation has been sought on Warren-Averbach lines, no attempts have been made to interpret the Fourier coefficients in terms of type I I lattice distortions.
Apart from theoretical difficulties, there are also some practical hurdles in the analysis of polymer diffraction lines. These are:
(i) absence of higher orders of reflexion (ii) generally weak X-ray scattering power (iii) occasional sample-to-sample variation in line positions and breadths (iv) overlapping of reflexions (v) presence of a diffuse, structured background (vi) lack of reliable 'crystalline standards' to measured instrument broadening. The present paper shows that the application of the variance-range analysis technique of Wilson and his colleagues may minimize some of these theoretical and experimental difficulties. A general calculation of the profiles of diffraction lines from small, ideal, paracrystailites is presented. Results are then derived connecting the variance of line profiles to crystallite dimensions and type II distortions. The formulae are applied to meridional reflexions fi'om a polynosic viscose fibre. The results are shown to agree with those obtained from integral line breadths. Some improvements in ex-perimental methods of determining line profiles are also described.
Theory for the analysis of X-ray diffraction from paracrystals
The X-ray diffraction patterns from fibrous polymers display certain peculiar features (Andreeva & Iveronova, 1958; Roldan, Rahl & Paterson, 1965) . Almost all the features can be explained by Hosemann's (1962) theory of an 'ideal paracrystal', which is especially suitable for fibrous polymers (Guinier, 1963 
The diffraction line profile for an aggregate of imperfect crystals can be written as (Wilson, 1962; Guinier, 1963) 2C 
J(t)-iK(t)
is the mean value of the product FF* of the structure factors of a pair of unit cells separated by the distance t.
(2).sin0 2sin2 00) ,00 being the position of intensity maximum and ). the wavelength of X-rays, upper limit of t such that V(r)= 0 volume of the unit cell, and angular variation factor containing the Lorentz-polarization and absorption factors.
The most general expression for V(t) is (Guinier, 1963) 
where V is the volume of the crystal, and g(M) dM is the frequency function of crystallite sizes M along the normal to the reflecting planes.
For small ]t], we obtain 1 So 1
where the interpretation of ]14x has been discussed by Guinier (1963 This expression is not very different from the one which has been derived by Wilson (1962c) .
Calculation of Y(t)
Let S~ (=Sm-mb) denote the displacement of the ruth lattice point from its ideal position. From equation (3), we obtain andvar (S~ = E(S') = IE(S~) =
thm(t + mb). l t 2hm(t dt =O+ mb) dt=mA 2 . I (,9)
If F denotes the structure factor of an undisplaced cell (i.e. the cell at the origin), the expression for Y(t) is given by (Eastabrook & Wilson, 1952 )
where hm(t+mb) gives the probability that the displacement distortion, S~,, of the mth lattice point lies between t and t+dt, and s0=2 sin 00/2 is the distance of the point 0k0 from the origin of the reciprocal lattice.
(i) For small t, i.e. for small displacement S~,, we obtain from (lOa)
, since it is entirely real.
(ii) For large t, we will consider the limiting distribution of the sum Sm. The limit theorems for the sums of ~ 10000 independent random variables (Gnedenko, 1962; Cramer, 1962) state that irrespective of the nature of the >.
initial distribution h(t), hm(t) will converge to a Gauss-~ rsoo ian distribution having variance equal to mA2, provided ~" m is sufficiently large. Therefore, we can write
and obtain from equation (lOb)
The same result is obtained whether we consider the variables Xm to the right or to the left of the origin. Therefore, 
The integral breadth of the distortion profile is
This result is equivalent to that derived by Bonart, Hosemann & McCullough (1963) , who have shown that if the line broadening is due to a small paracrystal, the integral breadth of a reflexion of the type 0k0 is given by 
P L= 1 Mg(M) dM .
The variance of the disortion profile is given by
and where
IPD(S) = 2 ll A(t) COS 2nst dt
and From (6), we find
The result is (Wilson, 1962c) 
WeD(S)=--4rcz _ --A((6) + A(O) J
where the functions A'(0) and A" (0) 
The resulting expression for variance becomes, after which demonstrates that the same information about fine structure is contained in the slope and the intercept of the variance-range function. Equations (8) and (16) can, in fact, be obtained through (18) by putting g= 0, and M1 = oo respectively.
I(20) versus 20 plots were obtained to give the meridional scattering curve for the fibre and the radial scattering curve for quartz. Fig. 1 shows the meridional scattering curve for Tufcel from 13 to 42 ° 20.
Experimental
Highly oriented fibres of Tufcel, a polynosic viscose, were chosen for line-profile studies for the following reasons" (i) they gave rise to four orders of reflexion from lO00C meridional (0k0) planes, and (ii) they were found to be ~-the most ordered among the samples of polynosic viscose 8000 used in a preliminary survey of X-ray fibre diagrams.
, , -~-All the 0k0 profiles were recorded using a transmission ~-< I-6000 method, which has many obvious advantages over the reflexion method of obtaining polymeric X-ray diffraction profiles (Wilchinsky, 1965) . Intensity meas-~ 4000 urements were made at room temperature with a Philz ips diffractometer using a Geiger counter and Cu K~ ~ 2ooo
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radiation at 35 kV and 25 mA. Monochromatization -was achieved by means of balanced filters of nickel and o ~a cobalt acetate. A single bundle of parallel fibres (_~0.5 mm thick) was used and the axis of this bundle was maintained at an angle of 90°-0 with respect to the incident and diffracted beams. The following slit system was employed" divergence slit _t_o6, receiving slit 0.3 cm, and antiscatter slit 1 °. A fixed-count step scanning method (Parrish, 1956; Wilson, 1967) was used to obtain the intensities, which were determined at 0.05 ° intervals in 20 in the peak region and at 0.25 ° intervals between peaks. The total number of counts accumulated was kept fixed at 12800.
3.0 Quartz powder (average grain size > 10/~) was used as the instrumental standard. A thin uniform film of quartz powder dispersed in collodion was prepared, z.5 This film was mounted on the diffractometer in the manner described above and instrument profiles were obtained under identical conditions. The only dif-2.o ference in this case was that the film was rotated in its own plane to eliminate the effects of preferred orien-~ tation and the intensities were determined at 0.02 ° cz_ intervals in the regions of the peaks. Variation of air 1.s scatter from different parts of the apparatus with 20 was also studied. Finally, the values of~t (where/1 and t denote the absorption coefficient and thickness of 1.o the substance respectively) were obtained for the fibre bundle and the quartz film.
Method of analysis

Processing of data
A programme was written for the IBM 1620 computer to convert the counting times into intensities (counts. min -1) and to correct the intensities for counter dead time and white radiation contamination. Thus,
Elhnhmtion of background
The special feature of the variance method is that the true background level can be determined very accurately. The procedure for the elimination of true background is incorporated in the Langford & Wilson (1963) method of determining the variance-range functions, where the variation of background is assumed to be linear. The difficulty with polymeric X-ray diffraction is that the background, especially at low Bragg angles, has a curved shape. Therefore, the procedure of choosing the background has to be separated from the procedure of determining the variance-range functions. One can start with two or three visual estimates of background, which may be curved or linear, depending on the angular range under investigation. After subtracting these backgrounds, different profiles are obtained and the variance-range functions are computed for each of these. The variance-range function corresponding to the subtraction of true background would exhibit a linear protion for moderately large ranges. Therefore, after having a look at these variancerange functions, one can suitably modify the initial estimate of background, until the variance-range function obtained is optimum, i.e. it shows a significant linear portion. Thus, after a few trials the true background can be estimated and then subtracted. This procedure is illustrated in Fig. 2 , where three different backgrounds were subtracted and the variance-range functions of the corresponding 020 profiles were calculated and plotted. The true backgrounds under 040 and 080 reflexions were found to be linear. All the profiles were obtained after the subtraction of the 'true' background in each case.
Correction for Lorentz-polarization and absorption factors
All the profiles were corrected for these angular variation factors by means of a program written for the IBM 1620 computer. The corrected line profile is given by (20) where L(20)= 1/sin 2 0 cos 0 is the Lorentz factor (de Wolff, 1962; Ruland, 1967) 
Tackling the problem of overlapping reflexions
020 and 080 profiles were free from any contamination from their neighbouring off-meridional reflexions, but the higher angle tail of the 040 profile was corrupted slightly by a weak and very broad tail from the nonmeridional 041 reflexion (Fig. 1) . In order to obtain the integral breadth of the 040 profile, it was necessary to resolve it from its neighbours. This resolution was attempted in the following way. From a knowledge of the positions of the 020 and 080 peaks, the position of the 040 peak was calculated. The difference in the positions of the 040 and 041 peaks was assumed to be 1.4 ° in 20 and 041 was assumed to be symmetric about its peak. By trial and error, one could arrive at the peak height of 041 which would yield a satisfactory resolution of the 040 profile (Fig. 3) .
Such a resolution is necessary for obtaining the integral breadth where the entire range of a line profile is used. A great advantage of the variance method is that a much shorter range is required to obtain the variancerange function and, if there is only partial overlapping, this fact can be used to eliminate the need of resolution. Thus, the variance range function for the 040 profile ( (21) c Determined by Jones's (1938) method b Equation (23) d Equation (22) can be assumed to be linear, as is the case with peaks at medium Bragg angles, and peaks are not asymmetric, then the method of Szanto & Verga (1969) can be used to obtain an estimate of the slope of the variancerange function. For this purpose, one should use only that tail of the profile which has not been influenced by neighbouring reflexions.
Determination of the line breadth (a) Integral breadth
The integral breadths of the observed and instrument profiles were calculated by numerical integration. These were then corrected for cq-~2 doublet broadening by the procedure of Jones (1938) .
The integral breadth of the intrinsic 0k0 profiles (flOkO) can be approximated in several ways, each of which depends upon the shapes assumed for the observed, instrument and intrinsic profiles. Ruland (1968) gives a detailed survey of line-width relations for correcting the observed line breadth (B) for the effects of instrument line broadening (b). We have investigated the following four methods to obtain fl0k0 from the values of B and b:
(i) when all profiles are Gaussian, fl2ko= B2-b2 (21) (ii) when all profiles are Cauchy, flOko= B-b (22) (iii) Wagner & Agua (1964) The results of integral breadth measurements are given in Tables 1 and 2 , and are plotted in Fig. 4 . (14) c Determined by Jones's (1938) a Equation (21) method b Equation (23) a Equation (22) (b) Variance-range function The practical considerations for obtaining the variance-range functions have been discussed in detail by Langford (1968a, b) , Langford & Wilson (1963) , and Szanto (1965) . The corrected profiles g(20) were used directly to obtain the variance-range functions of observed and standard profiles by means of a programme written for the IBM 1620 computer. These are shown in Fig. 5 . Variance-range functions can be corrected for instrumental effects as follows: Let kob, koi, ko, denote the slopes and Wob, Woi, Wo, the intercepts of variancerange functions Wb, Wt and WeD of the observed, instrument and intrinsic profiles respectively. Then, Thus, Wo, and k0~ can be obtained by simple subtraction and interpreted in terms of crystallite size M1 and distortion parameter g by using equations (18). The corrected variance-range functions for 0k0 profiles are shown in Fig 6. The slopes and intercepts of the variance-range functions are listed in Table 3.   Table 3 . Intercepts (A -2 x 10 6) and slopes (A -1 x 10 3 
Resulls
The results of integral breadth measurements are listed in Tables 1 and 2 and plotted in Fig. 4 . It can be noted that the square of the integral breadth fl02k0 varies as k 4 [see equation (14)] regardless of the procedure used for separating POk0. It may be thought that with only three points on the graph, the test of linearity is far from conclusive. However, when one looks at the enormous range of variation in k 4, the nature of the fit will be appreciated. It is a consequence of paracrystalline disorder that reflexions of measurable intensity do not appear at still higher values of k! The intercepts of the fl~ko--k 4 lines give the value of L, the average crystallite size defined by equation (15), and the slopes provide the value of g, the coefficient of variation of the b repeat of the crystallite. The values of g and L are listed in Table 2 for each method of separation of flOkO. It can be seen that, whereas all the methods give practically the same value of g, the values obtained for L are widely different.
The values of kos and I / Wos/rc are plotted against k 2 in
Figs. 7 and 8 respectively. These plots are linear in conformity with equations (18b) and (19). The slopes of these lines yield g2/b, hence the value of g, and the intercepts determine the value of M1, the average crystallite size defined in equation (6). Table 4 summarizes the values of/if1 and g obtained through an analysis of slopes and intercepts of linear variance-range functions of 0k0 diffraction profiles. ( Fig. 8) The values in square brackets have been obtained after corrections to Wo, and koa for deconvolution errors (Edwards & Toman, 1970) .
Discussion
We thus see that the slopes and the intercepts of the variance-range functions follow the behaviour predicted by equations (18) and (19). Equation (19) predicts that the same information is obtained from the analysis of the slopes and the intercepts of variance-range functions. Nevertheless, it should be pointed out that the information obtained through an analysis of slopes k0s is more reliable than that obtained from the intercepts W0s, because if some residual strain is present in the crystallites of the instrument standard, it would effect only the intercepts of observed variance-range functions. Moreover, the values of intercepts are subject to errors due to truncation (Wilson, 1965) , non-additivity and the neglect of hyperbolic terms (Wilson, 1970; Edwards & Toman, 1970) , which in the present case are not serious owing to predominant size broadening. This is obvious from a comparison of the results obtained from the integral breadth analysis with those obtained by the variance method, where it is found that values obtained from the kos t's. k 2 plot are in better agreement with the integral breadth results. (It should be kept in mind that for any general form of V(t), L>_MI, but in the particular case when V(t) is proportional to exp [-[tl/Mi] , L=2,QI.) From equation (18b), it can be seen that the slope of the variancerange function depends upon Ml as well as upon g, unlike the case with type I distortions, for which it depends only on M~. This fact, combined with equation (19), would mean that at least two orders of reflexions are necessary to separate/ff/t and g from the slopes of variance-range functions. This result is disappointing, since in many cases (for example, the equatorial reflexions from fibrous polymers) only the first order peaks are observed. Equations (7) and (12) indicate that observed profiles would be approximately Cauchy in shape. It is reported in literature that the line profiles obtained from fibrous polymers in fact have a Cauchy shape (Gjonnes, Norman & Viervoll, 1958; Katayama, 1961) .
The suitability of Hosemann's paracrystalline model for fibrous polymers has been discussed by Kulshreshtha, Dweltz & Radhakrishnan (1969) . Paracrystalline distortions have been found by other workers to exist in polyethylene, polypropylene, polytetrafluoroethylene, polyacryonitrile, polyurethan, polyformaldehyde, nylon, terylene, ramie etc. The theoretical deductions in ,the present paper are based on an 'ideal paracrystalline' lattice, which involves the assumption that all the molecules in the polymer are identically deformed and consequently, all individual unit cells in the lattice are parallelepipeds. If there exists a partial correlation between the neighbouring lattice points, a general paracrystalline lattice results, the unit cells of which are arbitrarily deformed parallelepipeds. According to Hosemann & Bagchi (1962) , the deviations from the ideal model influence only the diffuse background scattering between the reflexions. So long as the fluctuations are not too strong (i.e. g < 3 %) and crystallites contain more than 5 unit cells on the average, the effects of correlations on the crystalline reflexions can be considered negligible. Anyway, with a careful choice of the diffuse background and the analysis of the linear portion of variance-range curves for moderate ranges, one should still obtain quite meaningful results.
The advantages of the variance method over the integral breadth method in the analysis of polymeric X-ray diffraction profiles are obvious: (i) it helps in assessing the 'true' background, (ii) it is capable of extracting some useful information from unresolved profiles, and (iii) the corrections for instrument broadening are rigorous and simple.
Thus, from the X-ray line profile studies we can get the fine structure parameters g and Ml or L, which describe 'order' in fibrous polymers in a more meaningful way than the degree of crystallinity. These parameters define the lattice statistics of a paracrystal (Hosemann, 1962) , which undergoes a change during quenching, annealing, or swelling-stretching treatments of fibres.The distortion parameter g is related to the average conformation of the long-chain molecules and would therefore influence fibre properties. Evidence for the existence of a paracrystalline structure in fibres is offered by the present study, which serves to establish such a structure in the axial direction of Tufcel, and supports earlier line-profile studies on fibrous polymers (Kulshreshtha et al., 1968; Schnabel, 1969; Wilke, 1969) .
Introduction
In the preceding paper (Kulshreshtha, Dweltz & Radhakrishnan, 1971 , to be referred to as I), a general theory was developed for the analysis of X-ray diffraction profiles from fibrous polymers, which are ideal examples of anisotropic paracrystals. An analysis of variance-range functions of the profiles of multiple orders of 0k0 reflexions from a polynosic viscose, Tufcel, was also presented. It was concluded that it is not possible to separate the size and distortion effects from a study of the variance-range function of only one diffraction line, because both these effects contribute to the slope and the intercept, both of which basically contain equivalent information about fibre fine structure.
The theoretical significance of the fourth central moment as a measure of line broadening of X-ray diffraction profiles was first investigated by Mitra (1964), who obtained the expressions for the momentrange function* in terms of average crystallite size and type I distortions. The practical usefulness of this concept is clear from the work of Kagan & Snovidov (1965) , who evaluated the fourth moment over the entire range of the profiles of the lines from low-temperature-tempered martensite. In the present paper, an expression has been developed for the moment-range function of the diffraction profile in terms of type I! distortions. It is shown that the moment-range function, in conjunction with the variance-range function, can be used to obtain the average crystallite size /ff~ and distortion parameter g using only the profile of a first order reflexion. It is also shown that an analysis of the moment-range function yields additional information on the nature of lattice distortions to that given by the analysis of the variance-range function alone. Finally, a computer program is described for obtaining both these functions. * This research was performed by A. K. Kulshreshtha as part of his research assignment leading to a Ph.D. degree of the Gujarat University.
* The fourth central moment of the diffraction profile evaluated as a function of range. Thus 'moment-range function' refers to the 4th central moment unless otherwise specified. This terminology will be used throughout this paper.
